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BACKGROUND: Abnormal placental development may result in adverse pregnancy outcomes and metabolic diseases in adulthood; however, it remains
unknown whether and how xenobiotics affect human placentation.
OBJECTIVES: This study aimed to screen and identify placentation-disrupting chemicals in commonly used organophosphate flame retardants (OPFRs) and, if
identified, to investigate potential adverse effects on placentation in relation to adverse pregnancy outcomes andmetabolic disorder in offspring inmice.
METHODS:We devised a high-throughput immunofluorescence screening assay based on human trophoblast organoids and used it to screen OPFRs that
inhibit the proliferation of organoids. One identified chemical was assessed for its effects on placentation by evaluating villous cytotrophoblasts, syncytio-
trophoblasts, and extravillous trophoblasts using immunofluorescence and a mitochondrial stress test after 2 d of exposure. A 10-d exposure study was
further performed to observe the dynamic effect of the OPFR on the structure of the organoids. RNA-sequencing and western blotting experiments were
performed to explore the associated pathways, and a potential binding protein was identified by immunoprecipitation and in vitro kinase activity assays.
Animal studies were performed to determine whether the findings in organoids could be replicated in mice and to observe adverse pregnancy outcomes.

RESULTS: The proliferation of organoids exposed to three aryl-OPFRs was significantly lower than the proliferation of control organoids. Further analysis
demonstrated that one such chemical, 2-ethylhexyl-diphenyl phosphate (EHDPP), disrupted placentation in organoids. Mechanistically, EHDPP interfered
with insulin-like growth factor 1 receptor (IGF1R) to inhibit aerobic respiration. Mice exposed to EHDPP at a physiological human concentrations exhibited
immature and mature placental disorders, which correlated with fetal growth restriction, implantation failure, stillbirth, and impaired glucose tolerance.

CONCLUSIONS: The human trophoblast organoid model showed that the commonly used OPFRs disrupted placentation via IGF1R, indicating that its
use may contribute to adverse pregnancy outcomes and metabolic disorders in offspring. https://doi.org/10.1289/EHP10273

Introduction
The incidence rates of adverse pregnancy outcomes, including pre-
eclampsia1 and fetal growth restriction (FGR),2 together with adult
metabolic diseases such as type 2 diabetes,3 are steadily increasing.
The trends in the incidence of such diseases have developed in a
timeframe inconsistent with the much slower pace of changes in
the human genome,4 suggesting that environmental factors have
shaped these disease patterns. Reports by the International
Federation of Gynecology and Obstetrics,5 the World Health
Organization, the United Nations Environment Program,6 the
American Academy of Pediatrics,7 and the Endocrine Society8,9

indicated that early-life chemical exposure can cause serious
adverse effects during susceptible periods of human development
that endure into later life. Identification of the environmental
chemicals that may induce adverse pregnancy outcomes and adult
metabolic diseases is essential.

Epidemiological studies have linked environmental chemicals
such as bisphenol A, phthalates, perfluoroalkyl acids, and organo-
phosphate flame retardants (OPFRs) to adverse pregnancy

outcomes and adult metabolic diseases.10 Because human popula-
tion studies were complicated by the diverse genetic backgrounds
of the subjects and their concurrent exposure to numerous chemi-
cals, these studies often yielded heterogeneous results and may
not provide direct evidences of causal relationships.11 As a cru-
cial organ in the regulation of fetal development, the placenta is
responsible for secretion of hormones that reprogram maternal
physiology and for maternal–fetal material exchange. Cumulative
evidence suggested that placental disorders can induce adverse
pregnancy outcomes and, by the “thrifty phenotype hypothesis,”
permanently alter human metabolism and increase the risk of life-
long metabolic diseases.12,13 Placenta develops from trophoblasts
to mature placenta during the first trimster of human pregnancy.
Placentation is particularly essential because it models the basic
pattern of materal–fetal interaction and gradually promotes mater-
nal adaptation to invasive tissue.14 However, whether and how a
xenobiotic affects human placentation remains unknown, owing
to limited access to developing human placenta tissues and ab-
sence of practical experimental models.

Because adverse effects assessed using cell lines lack rele-
vance for human health, directly modeling complex human dis-
ease and tissue biology using high-throughput assays is desirable,
as proposed in the ToxCast program of the U.S. Environmental
Protection Agency.15,16 Recently developed human trophoblast
organoids displayed near-physiological cellular composition and
behavior relative to immature human placenta and allowed
dynamic placentation to be observed.17 Establishing a high-
throughput screening model using human trophoblast organoids
may be desirable in identifying a chemical that may disrupt
human placentation from a wide range of chemicals.

Here, we devised a high-throughput immunofluorescence
screening assay based on human trophoblast organoids and used
it to screen for OPFRs that could inhibit proliferation. OPFRs as
substitutes for conventional flame retardants are commonly used
in furniture and electronic productions18 and have been detected
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in humans worldwide.19,20 We used short-term and long-term ex-
posure strategies to investigate the effects of one such chemical,
2-ethylhexyl-diphenyl phosphate (EHDPP), on placentation in
trophoblast organoids and the associated molecular mechanisms
because EHDPP has been widely detected in both the environ-
ment21 and the human body.22 Finally, the possible occurrence of
disorders in immature and mature placentas and adverse preg-
nancy outcomes were investigated in mice.

Materials and Methods
We performed model validation, high-throughput screening, and
short- and long-term exposure studies and explored the associated
mechanisms in organoids. Animal studies were also performed.
The experiments and their aims are summarized in Figure 1.

Chemicals and Reagents
Forty-six OPFRs were included in the screening list (Table S1).
Thirty OPFRs for which standards could be obtained commercially
were picked from Toxicity Forecaster (ToxCast) list (https://
comptox.epa.gov/dashboard/chemical-lists/FLAMERETARD).
Sixteen OPFRs that were recently identified in the environment
were also included in the OPFR list, and their relevant context
related to where in the environment theywere found is described in
Table S2. The stock solution for each OPFR standard (10mM)was
prepared in dimethylsulfoxide (DMSO). Triphenyl-d15 phosphate
(TPhP-d15) purchased from C/D/N Isotopes Inc. was used as the in-
ternal standard for EHDPP analysis. Other chemicals used in this
paper are detailed in Table S3.

Human Samples
Human villi were collected from five 25- to 40-y-old donors. The
age and gestational age of the donors and the karyotypes of the
villi are presented in Table S4. All human villi used in this study
were attained with written patient-informed consent (PIC) in ac-
cordance with the guidelines in the 2000 Declaration of Helsinki.
Elective terminations of normal pregnancies at 6–9 wk of gesta-
tion were performed at Peking University People’s Hospital
under ethical approval from the institution (2018PHB060-01).
The presence of a fetal sac, limb buds, and fetal heartbeats in
the donors was confirmed by ultrasonography prior to the surgi-
cal operation. The villi were separated immediately after the
operation and stored in Dulbecco’s modified Eagle’s medium
(DMEM)-F12 (11330032; Thermo Fisher Scientific) in 50-mL
amicrobic centrifuge tubes (430828; Corning, Inc.) at room tem-
perature. The villi were then transformed to organoids within 3 h
of collection. Organoids from Donor 1 (Table S4) were used in all
experiments, whereas the other organoids were used only to assess
the effects of EHDPP on organoid proliferation.

Organoid Culture
According to the recently reported protocol,23 trophoblast organo-
ids (Figure S1A–B) were induced from villi in first trimester pla-
cental tissue. Briefly, the villus was digested with 0.25% Trypsin-
EDTA (25200056; Thermo Fisher Scientific) and DNase I
(M0303S; New England Biolabs, Inc.) and then cultured in tropho-
blast organoid medium (TOM) for 7–10 d (Table S5). The formed
organoids were digested for passage using Tryple Express
(12604013; Thermo Fisher Scientific). A blood counting chamber
(YA0810; Solarbio) was used to count cells in the organoid cell
pellets, and the diameter of the organoids was determined using a
Leica DMI8 inverted microscope (Leica Microsystems) after
digestion and resuspension in TOM.Organoids weremaintained at
37°C in a humidified atmosphere of 5% CO2 and were digested at

37°C for 5min to form small cell pellets (10–50 lm in diameter).
After centrifugation at 600 rpm for 6min, undiluted digested orga-
noids were resuspended in Matrigel (356231; Corning, Inc.).
Twenty microliters of Matrigel were added to each well of a 24-
well plate, and the plate was incubated at 37°C for 10min.
Subsequently, 500 lL of TOMwas added to culture the organoids.

Screening and Toxicity Evaluation
For time- and cost-efficient toxicity screening, we optimized the
digestion and culture protocols. In the optimized protocol, the orga-
noids were digested at 37°C for 3min and then gently pipetted up
and down to yield large cell pellets (50 lm in diameter for >50% of
the pellets; “optimized digestion”; Figure S1C). To maintain rapid
proliferation, the concentrations of CHIR99021, Y27632, and pros-
taglandin E2 (PG E2) in TOM were increased to 5, 10, and 10 lM,
respectively (Table S2, “OptimizedTOM”), as these chemicals have
been reported to increase proliferation.24–26 Undiluted cell pellets
were replated onto 96-well plates with 10 lL Matrigel at a density
of 3,000 pellets per well. After a 2-d culture, trophoblast organoids
were treated with each chemical from the list of OPFRs (Table S1)
at 10, 000 nM. The same DMSO concentration (0.1%) used in the
exposure groups was used in the control group (n=3). Sytox Green
(R37168; Thermo Fisher Scientific) was used to evaluate cell sur-
vival.27 In the screening assay, 2-d OPFRs exposure was performed
considering both fast screening and toxicity observation. After the
organoidswere exposed toOPFRs, SytoxGreen (dilution: 1:50)was
added, followed by incubation at 37°C for 30min. Thereafter, fluo-
rescence was measured using an ImageXpress Micro Automated
High-ContentAnalysis System (MolecularDevices).

This study used Ki67 to evaluate proliferation of organoids.
After exposure to OPFRs for 2 d, the organoids were fixedwith 4%
paraformaldehyde (C2055; Bioss) for 30min at room temperature,
permeabilized by 0.25% Triton X-100 (CR00576; EBT Systems)
for 30min at room temperature, blocked in 3% bovine serum albu-
min (BSA) (PM5130; Coolaber) in phosphate-buffered saline
(PBS) for 60min at 37°C, and stained with an anti-Ki67 antibody
(9449S; dilution: 1:100; Cell Signaling Technology) for 60min at
37°C and with secondary antibodies (antimouse IgG heavy and
light chains, 8890S, dilution: 1:100, Cell Signaling Technology)
for 60min at 37°C. After Ki67 incubation and secondary antibody
incubation, the organoids were washed three times with PBS.
These steps were followed by automatic imaging and analysis
using an ImageXpress Micro High-Content Analysis System
(Molecular Devices) to obtain the fluorescence intensity.

The EHDPP concentration of 10,000 nM has been reported to
be the lowest observed effect concentration to disrupt hormone
biosynthesis in human choriocarcinoma cell line.28 Thus, expo-
sure concentration was set at 100–10,000 nM for obtaining dose-
dependent placental-disrupting effects. Organoids were exposed
to 100, 1,000, or 10,000 nM EHDPP on the third day after diges-
tion and were then cultured for an additional 2 d, in which the ex-
posure timing was determined similar with screening assay. The
same DMSO concentration (0.1%) was used in the exposure
groups and the control group (n=3).

To observe the dynamic effects of EHDPP on placentation,
organoids were exposed to 100, 1,000, or 10,000 nM EHDPP on
the third day after digestion and were then cultured for an addi-
tional 10 d following the protocol described in the “Organoid
Culture” section. The timing of long-term exposure was set as
10 d, which is the longest timing of culture reported previously.23

The same DMSO concentration (0.1%) was used in the exposure
groups and the control group (n=3).
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Quantitative Real-Time Polymerase Chain Reaction (qPCR)

Trophoblast organoids or animal tissue samples were collected
using 500 lL TransZol Up (ET111-01, Transgen). For RNA
extraction, 100 lL of chloroform (M1024442500; Merck) was

added to each sample, and the samples were shaken vigorously
and centrifuged at 12,000 rpm for 10min at 20°C. The resulting
top layer was aspirated, and an equal volume of isopropyl alcohol
(1.01,040.4008; Merck) was added. The samples were shaken
gently and centrifuged at 12,000 rpm for 10min at 20°C. After

Figure 1. Summary of methods. Note: Akt, protein kinase B; CD71, transferrin receptor; Cyto C, cytochrome C; E2, estradiol; EHDPP, 2-ethylhexyl-diphenyl
phosphate; EVT, extravillous trophoblast cell; FGR, fetal growth restriction; GATA3, GATA-binding protein 3; HAND1, crest derivatives-expressed protein 1;
hCG, human chorionic gonadotropin; HLA-G, human leukocyte antigen protein-G; IGF, insulin-like growth factor; IGF1R, insulin-like growth factor 1 recep-
tor; KRT7, keratin 7; OGTT, oral glucose tolerance test; OPFRs, organophosphate flame retardants; OSI-906, linsitinib; p-Akt, phosphorylated Akt; PD, pyru-
vate dehydrogenase complex; p-IGF1R, phosphorylated IGF1R; RNA-seq, RNA sequencing; SCT, syncytiotrophoblast; TCA, tricarboxylic acid cycle;
TFAP2C, transcription factor AP-2c; TP63, tumor protein 63; TPBPA, trophoblast-specific protein a; VCT, villous cytotrophoblast.
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removing the supernatant, 700 lL of 75% ethanol (E801077;
Macklin) was added, and the samples were shaken gently and
centrifuged at 12,000 rpm for 5min at 20°C. The supernatant was
removed, and the RNA pellet was dissolved in 30 lL of diethyl
pyrocarbonate-treated H2O (W274329; Aladdin). The RNA sam-
ples were then quantified using a Nanovue Plus spectrophotome-
ter (GE Healthcare Life Science). We used Oligo dT (3805;
Takara), Moloney Murine Leukemia Virus Reverse Transcriptase
(639574; Takara), Recombinant RNase Inhibitor (2313Q; Takara),
dNTP (4019; Takara), and Random Primers (3802; Takara) for
reverse transcription on a S1000 Thermal Cycler (Bio-Rad) with
the following program: 40°C for 60min, 70°C for 15min, and
held at 4°C. SYBR Green (QPK-201; Toyobo) was used for real-
time fluorescence detection on a StepOnePlus sequence detection
system (Applied Biosystems) with the following program: 95°C
for 1min and 40 cycles of 95°C for 15 s and 60°C for 45 s.
Relative gene expression was evaluated by the 2−DDCt method, as
suggested by Applied Biosystems. The primers were synthesized
by Thermo Fisher Scientific, and the primer sequences are listed in
Table S6.

Immunofluorescence of Organoids
After EHDPP exposure, trophoblast organoids were fixed with
4% paraformaldehyde for 30min, permeabilized by 0.25% Triton
X-100 for 30min, blocked in 3% BSA in PBS for 60min at 37°
C, and stained with primary antibodies for 60min at 37°C and
secondary antibodies for 60min at 37°C. After primary and sec-
ondary antibody incubation, the organoids were washed three
times in PBS. Information regarding the antibodies and 40,6-dia-
midino-2-phenylindole (DAPI) is provided in Table S7. Samples
were visualized under a Dragonfly High Speed Spinning Disk
Confocal Microscope (Oxford Instruments Andor) and were
quantified using Fiji software.29

Enzyme-Linked Immunosorbent Assay (ELISA)
Estradiol (E2) is not independently synthesized in the placenta
because placenta does not biosynthesize its precursor; therefore,
it is mainly transported after maternal and fetal synthesis.30 Thus,
the organoid culture medium was supplemented with testosterone
(40 lM) after a 1-d culture to determine the E2 secretion capacity
of the organoids. To assess hCG-b and E2 secretion, the collected
medium was centrifuged at 12,000 rpm for 10min to remove de-
bris and then stored at −80�C. An hCG-b ELISA (48T-
QS40792; Qisong Bio.) and E2 ELISA (APH102; Tiosbio) were
performed using 50 lL supernatant and 50 lL sample dilution
buffer. The concentrations of hCG-b and E2 were measured by
absorbance at 450 nm using a microplate reader (SpectraMax
i3X; Molecular Devices) following the manufacturer’s protocol.

Mitochondrial Stress Assay
Trophoblast organoids were cultured in 24-well tissue culture
plates (100882; Agilent) at a density of 5,000 cell pellets per
well and exposed to EHDPP for 48 h. The sensor cartridge was
then hydrated overnight in Seahorse XF Calibrant (100850;
Agilent) at 37°C in a non-CO2 incubator. Before analysis of the
oxygen consumption rate (OCR), cells were reconstituted for
60min in an extracellular flux (XF) base medium containing
100mM pyruvate, 200mM glutamine, and 2:5 Mglucose at
pH 7:4. Chemical reagents were used at the following final con-
centrations: 1 lMoligomycin, 2 lM carbonyl cyanide-4 (tri-
fluoromethoxy) phenylhydrazone (FCCP), 0:5 lMantimycin A,
and 0:5 lMrotenone.

RNA Sequencing
The mRNAwas extracted from trophoblast organoids or placentas
of E19.5 mice using TransZol Up (ET111-01, Transgen) (n=3).
Briefly, the placentas were homogenized in tubes containing
500 lL of TransZol Up using an electric homogenizer. RNA was
extracted using chloroform (M1024442500; Merck) and purified
using isopropyl alcohol (1.01040.4008; Merck) and 75% ethanol
(E801077; Macklin), as detailed in the “Quantitative Real-Time
Polymerase Chain Reaction (qPCR)” section. The RNA quality
and concentration were determined using a Nanodrop ND-1000
spectrophotometer (Nanodrop Technologies). RNA samples with
an RNA integrity number >7 were considered to be qualified for
RNA sequencing (RNA-seq). RNA-seq was performed at Beijing
Genomics Institute. RNA samples were enriched for poly A spe-
cies, and the sequencing libraries were constructed and then
sequenced on a BGISEQ-500 platform (BGI). The average frag-
ment size and overall quality were determined using an Agilent
2,100 Bioanalyzer. Each library was sequenced to an approximate
depth of 40 million reads. Sequencing data were filtered using
SOAPnuke (version 1.5.2; BGI-FlexLab).31 Sequencing reads were
mapped against GRCh38.p12 (human trophoblast organoids) or
GRCm38=mm10 (mouse placenta) reference genomes using
HISAT2 (version 2.0.4; Lady Hill Department of Bioinformatics)32

and Bowtie2 (version 2.2.5; Langmead lab at Johns Hopkins
University).33 The gene expression levels in each sample were
calculated using RNA-Seq by Expectation-Maximization (ver-
sion 1.2.8), and differentially expressed genes were identified
using DEGseq2 (version 1.34.0; Mike Love). Only protein-
coding genes, processed pseudogenes, and lncRNAs were
included in the analysis.

Cell Culture of 293T
The 293T cell line was purchased from American Type Culture
Collection. 293T cells were cultured in DMEM (C11995500 BT;
Thermo Fisher Scientific) supplementedwith 10%FBS (10099141C;
Gibco). 293T cells were maintained in a humidified atmosphere of
5%CO2 at 37°C.

Western Blotting Analysis
Trophoblast organoids, cells, and animal tissue samples were col-
lected in cell lysis buffer (9803S; Cell Signaling Technology,
Inc.) with PhosStop (4906837001; Coolaber), and the protein
concentrations were measured by BCA protein assay (P0012S;
Beyotime). The samples (n=3) were centrifuged at 12,000 rpm
for 10min at 4°C, and the resulting supernatants were retained
for subsequent experiments. After adding 5× loading buffer to
each sample, the mixtures were then heated to 100°C for 5min.
Samples were loaded at 30 lL per lane of a polyacrylamide gel.
The final protein concentration was 3 lg=lL, and 90 lg of total
protein was run per lane. The proteins were transferred to a nitro-
cellulose (NC) membrane (MH0322; Macklin) and subsequently
blocked with 3% BSA in TBST (50mM Tris–HCl at pH 8.0,
150mM NaCl, 0.1% Tween-20) for 60min at room temperature.
The membrane was then incubated with the primary antibody at
4°C for 24 h and then with the secondary antibody at room tem-
perature for 1 h. After primary and secondary antibody incuba-
tion, the organoids were washed three times with TBST (10min
each time). To normalize phosphorylated protein levels, the
blots that were probed for phosphorylated proteins were
stripped to allow the determination of total protein content. The
membranes were washed twice with TBST (10min each time)
and then shaken in stripping buffer (25 mM glycine-HCl, pH
2.0; PMC1710125; Perfemiker) and 1% SDS (CS9701-100g;
Coolaber) at 100 rpm for 25min at room temperature. The

Environmental Health Perspectives 057002-4 130(5) May 2022



membranes were washed another two times after stripping and
were then blocked, incubated with primary and secondary antibod-
ies, and washed following the protocols described above.
Antibody information is provided in Table S7.

Immunoprecipitation
To evaluate the binding activity of EHDPP to IGF1R, immuno-
precipitation was performed using 293T cells. 293T cells were
cultured in a 10-cm petri dish at a density of 20,000=cm2 over-
night, followed by transfection with pcDNA3.1 IGF1R-BirA
(R118G)-hemagglutinin (HA) and pcDNA3.1 GFP-HA plasmids
using Lipofectamine 2000 Transfection Reagent (11668027,
Thermo Fisher Scientific; n=3). The plasmid pcDNA3.1 IGF1R-
BirA(R118G)-HA was obtained from Addgene, Inc. The plasmid
pcDNA3.1 GFP-HA was constructed by Beijing Genomics
Institute based on pcDNA3.1 IGF1R-BirA(R118G)-HA. The
sequence of this plasmid is provided in the Supplemental
Material (“Sequence of HA-GFP” section). The transfected cells
were exposed to EHDPP at 1,000 or 10,000 nM for 48 h, and the
total protein was then collected by cell lysis buffer (9803S; Cell
Signaling Technology, Inc.). The collected samples were centri-
fuged at 12,000 rpm for 10min at 4°C, and the supernatant was
collected for subsequent experiments. A HA-Tag Magnetic
immunoprecipitation/co-immunoprecipitation (IP/co-IP) kit (88838;
Thermo Fisher Scientific) was used in the immunoprecipitation
experiment. HA-IGF1R and HA-GFP proteins were captured by
immunoprecipitation using anti-HA beads, respectively. The target
protein was collected in elution buffer and diluted to 1 mL by PBS.
After adding TPhP-d15 as an internal standard, ethyl acetate (3 mL)
was added to extract the EHDPP bound with the protein. The mix-
tures were then shaken for 20min on an orbital shaker, followed by
4,000 rpm centrifugation for 12min. Extraction from the residues
was repeated twice. The extracted samples were dissolved with
1 mL of hexane (Hex). Samples were preconditioned with 6 mL of
dichloromethane (DCM), 6 mL of Hex, and 6 mL of Hex/DCM
(80:20, v/v). After that, samples were loaded onto Bond Elut NH2
(6 mL, 1 g) cartridges. After washing with Hex (3 mL) and Hex/
DCM (1:5 mL, 80:20, v/v), DCM (3 mL) was used to elute the ana-
lytes from the NH2 cartridges. The extracts were evaporated to dry-
ness under high-purity nitrogen. After that, the extracts were
redissolved in 100 lL of methanol (MeOH) for liquid chromatography–
tandem mass spectrometry (LC-MS/MS) analysis. The LC apparatus
was an UltiMate 3000 UHPLC system (Thermo Fisher Scientific). The
column (C8) was maintained at 40°C with a flow rate of 0:3 mL=min,
and the injection volume was 5 lL. Methanol (A) and ultrapure water
containing 10mM ammonium acetate (B) were used as the mobile
phases. The mobile phase gradient was increased from 10% to 40% sol-
vent A linearly within 1min. Solvent A was then increased to 100% in
the next 9min and maintained at 100% for 3:5min. Finally, the gradient
was returned to the initial condition of 10% solvent A for a 6min re-
equilibration before the next injection. The total run time was 18:5min.
Mass spectrometry was performed using a TSQ Quantum Ultra mass
spectrometer (Thermo Fisher Scientific) equipped with a Z-Spray ioniza-
tion source operated in the positive ion mode. The ion transfer tube tem-
perature, vaporizer temperature, sheath gas, aux gas, and spray voltage
were 320°C, 200°C, 40Arb, 12Arb, and 3,200 V, respectively. The re-
covery of EHDPP was 87:6± 13%. The limit of quantitation (LOQ)
was 0:022 ng=mL, and the final concentrations reported in this study
were blank subtracted (0:007± 0:0015 ng=mL).

Concentration Determination of EHDPP in Organoids
Organoids were exposed to 1,000 nM EHDPP on the third day after
digestion andwere then cultured for an additional 2 d, following the
protocol described in the “Screening and Toxicity Evaluation”

section; the blank sampleswere prepared byDMSO-treated organo-
ids, following the same protocol (n=3). After that, the organoids
were digested byTryple Express, followed by 1,000 rpm centrifuga-
tion for 5min at 4°C. After removing the supernatant, organoids
were freeze-dried and then dissolved and detected, following the
protocol described in the “Immunoprecipitation” section. The LOQ
was 103:0 ng=g dry weight ðdwÞ, and the final concentrations
reported in this studywere blank subtracted (73:4±3:0 ng=g dw).

In Vitro Kinase Activity Test
Because IGF1R is a tyrosine kinase receptor, this study performed
in vitro kinase activity test to demonstrate that EHDPP can bind to
IGF1R and inhibit its kinase activity in vitro. This study used Z0-
LYTE kinase assay kit-Tyr 1 peptide (PV3190; Thermo Fisher
Scientific) and IGF1R recombinant human protein (PV3592;
Thermo Fisher Scientific; 150 ng/mL in the test). This study
detected the kinase activity of 0.1, 1, 10, 100, 1,000, and 10,000 nM
EHDPP and 0.001, 0.01, 0.1, 1, 10, and 100 nM OSI-906 (positive
antagonist of IGF1R), and DMSO was used as the control (n=3).
The mix of 2:5 lL compound, 5 lL kinase=peptide, and 2:5 lL
adenosine triphosphate (ATP) solution was incubated for 60min at
room temperature. Themix of 2:5 lLDMSO, 5 lLkinase=peptide,
and 2:5 lL kinase buffer was used as a 100% inhibition control
group; the mix of 2:5 lL DMSO, 5 lLkinase=peptide, and 2:5 lL
ATP solutionwas used as a 0% inhibition control group; and themix
of 2:5 lLDMSO, 5 lL phosphopeptide solution, and 2:5 lL kinase
buffer were used as a 100% phosphorylation control group. After
that, 5 lL development solution was added for 60min at room tem-
perature, and then 5 lL stop reagent was added. The mixes were
detected at Ex400, Em445, and Em520, using a microplate reader
(SpectraMax i3X;Molecular Devices). The protocol was detailed in
https://www.thermofisher.cn/order/catalog/product/PV3190?
SID=srch-srp-PV3190.

Animal Experiments
Animal studies were performed in accordance with the University
Guidelines for Animal Experiments and were approved by the
Institutional Animal Care and Use Committee of Peking University
(approved No. Urban-HuJY-1). Female 8-wk-old CD-1 mice and
male 10-wk-old CD-1 mice from Charles River Laboratories were
used in this study. All female mice used in this experiment were
acclimated in the housing units for 10 d prior to the experiment and
were assigned to each group randomly (n=10 per group).
Two female animals were housed to a cage, and the mice were
acclimatized to the controlled environment (artificial lighting:
12-h=12-h light=dark photoperiod; temperature: 22� ±2�C; rela-
tive humidity: 40%–60%). After the acclimatization period, EHDPP
was dissolved in edible oil (peanut oil; Arawana) and administered
to the female mice at 0, 0.4, 2, or 10 mg=kg=d by gavage. Edible oil
was used as a control. Considering that the substances in pregnant
women come not only from exposure during pregnancy but also
from the exposure before pregnancy, this study exposed female
mice 2 wk before pregnancy. After 2 wk of exposure, the female
mice cohabited with the untreated male mice at a ratio of 2:1, and
vaginal plug formation was checked the following morning as a
marker of successful mating. After fertilization, the female mice
were continuously exposed to EHDPP until E19.5, and then the
mice were anesthetized by 100 mg=kg sodium pentobarbital via
intramuscular injection and euthanized via cervical dislocation. The
embryos were weighed and dissected, and the dead fetuses and
resorption rates were counted. Every E19.5 placenta in this study
was from a different dam, which was picked randomly. E19.5 pla-
centas were collected for EHDPP analysis (n=3), immunofluo-
rescence (n=5), western blotting (n=3), and RNA-seq (n=3).
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The EHDPP concentration was analyzed using LC-MS=MS.
Placental samples were freeze-dried and ground into fine powder
and spiked with a 1 ng TPHP-d15 internal standard. The details of
the extraction and LC-MS=MS methods are described in the
“Immunoprecipitation” section. The recovery of TPHP-d15 was
58.6% ± 4%, and the recovery of EHDPP was 60:4%±13%. The
LOQ was 0:169 ng=g dw. The final concentrations reported in
this study are blank subtracted (0:033± 0:014 ng=g dw). E19.5
fetuses were born by cesarean section, and their body weight
(BW) was measured immediately. Resorbed, stillborn, and sur-
viving fetuses were counted, and the implantation number was
calculated by adding the number of live births, resorbed fetuses,
and stillborn fetuses. In humans, FGR is defined as a birthweight
lower than the 10th percentile.34 By using the definition of human
FGR and the weight distribution of control mice, the fetal mice
with the weight lower than 1:371 g were identified as FGR mice,
and then we calculated the corresponding incidence of FGR for
each treatment group. Oral glucose tolerance tests (OGTT) were
performed in 8-wk-old offspring of dams in the control and in the
0.4, 2, 10 mg=kg EHDPP exposure groups. Every 10 offspring (5
males and 5 females) of dams were used in this study. These off-
spring were not exposed to EHDPP after birth. One male and one
female offspring without observable defect from a dam were
picked for glucose tolerance tests, and the weight of the early
groups including 10 offspring have no significant difference.
Offspring were fasted for 16 h before the test and were then
administered 2 g=kg glucose (D5796; Sigma) by gavage. Orbital
blood samples (100 lL) were collected from each offspring at 0,
15, 30, 60, and 90min after gavage. Serum was separated by cen-
trifuging blood samples at 4,000 rpm and 4°C for 5min, and
blood glucose concentration was determined using a glucose test-
ing kit (PS0382; Psaitong).

Immunofluorescence of E7.5 Embryos
After 2 wk of EHDPP exposure, the female mice were cohabited
with the normalmale mice at a ratio of 2:1, and vaginal plug forma-
tion was checked the following morning as a marker of successful
mating. After fertilization, the female mice were continuously
exposed to EHDPP until E7.5, and then the mice were anesthetized
by sodium pentobarbital via intramuscular injection and euthanized
via cervical dislocation (n=5). Every E7.5 embryos in this study
were from different dams, which were picked randomly. The
embryos were collected for whole-mount immunofluorescence by a
previously reported method.35 E7.5 embryos were fixed with 4%
paraformaldehyde and 0.1% Triton X-100 for 2 h at room tempera-
ture; permeabilized by 1%Triton X-100 for 8 h at room temperature;
blocked in 10% BSA, 5% donkey serum (P05B58S; GPL), and 0.1%
Triton X-100 for 2 h at room temperature; and then incubated with a
primary antibody overnight at 4°C and with secondary antibodies for
2 h at 37°C. Antibody andDAPI information is provided in Table S7.
Samples were visualized under a Dragonfly High Speed Spinning
DiskConfocalMicroscope and quantified using Fiji software.29

Immunofluorescence of E19.5 Placentas
E19.5 placentaswerefixedwith 4%paraformaldehyde for 1 d (n=5).
Every E19.5 placenta in this study was from a different dam, which
was picked randomly. After paraffin embedding and dewaxing, the
placentas were treated with 3% H2O2 (01585853; Adamas) for
15min and fixed in EDTA (pH=8) for 3min. The placentas were
blocked in 3% BSA for 30min at room temperature, followed by
incubation with a primary antibody overnight at 4°C and secondary
antibodies for 60min at 37°C. Antibody information is provided in
Table S7. Samples were visualized under a fluorescence microscope
(BX51;Olympus) and quantified using Fiji software.29

Statistical Analyses
GraphPad Prism (version 9.0.0; GraphPad Software) was used to
perform all statistical analyses. The unpaired two-tailed Student’s
t-test with or without Welch’s correction and the chi-square test
was used for multiple comparisons; *p<0:05 and **p<0:01
were considered to be statistically significant. All exposure
experiments of organoids were performed in triplicates. The
screening, ELISA test, mitochondrial stress assay, EHDPP con-
centration detection, in vitro kinase activity test, and glucose con-
centration test of OGTT had three technical replicates. Western
blotting and qPCR had two technical replicates. RNA-seq had no
technical replicate. Each organoid treatment experiment was per-
formed in triplicate. Each immunofluorescence of organoids had
five randomly selected microscopic fields. Experiments that
involved counting birth weight of fetuses, implanted embryonic
numbers, and surviving embryonic numbers were performed
twice with n=5 and n=5, and E19.5 placentas were selected
randomly from each second experiment, respectively. The expo-
sure experiment of immunofluorescence of E7.5 was performed
once with n=5.

Data Availability
The data that support the findings of this study are available from
the corresponding author on request. RNA-Seq data is available
in Excel Table S1 and Excel Table S2.

Results

Trophoblast Organoid-Based Screening of OPFRs at
10; 000 nM
This study used trophoblast organoids to investigate the toxicity of
chemicals in human placentation. We followed an existing proto-
col23 to produce the trophoblast organoids (Figure S1A, S1B). This
study digested organoids to yield cell pellets (50 lm in diameter
for >50% of pellets; Figure S1C). Over half the pellet cells reached
a diameter of approximately 100 and 200 lm after 2- and 4-d cul-
tures, respectively (Figure 2A), whereas the proliferation of orga-
noids in optimized digestion was 0:85-± 0:06-fold relative to the
previous digestion after 2-d culture (Figure S1D). After increasing
the concentrations of CHIR99021, Y27632, and PG E2 in TOM
(Table S5), the proliferation of organoids in optimized TOM was
1:17±0:04-fold relative to the previous TOM after 2-d culture
(Figure S1E). The trophoblast identity of the newly cultured orga-
noids was verified by the expression of markers, including keratin
7 (KRT7) and GATA binding protein 3 (GATA3) (Figure 2B)
and by secretion of E2 and human chorionic gonadotropin (hCG).
The concentrations of hCG and E2 in the organoids were
10,227± 473mIU=mL and 25,623:5± 2110:4 pg=mL, respec-
tively, during 24 h of secretion. This study detected cell prolifera-
tion and survival by using Ki67 and Sytox Green, respectively,
and then assessed the effects of exposure to 46 existing and
emerging OPFRs. Any chemicals that caused more than a 20%
reduction in Ki67 expression and did not significantly affect cell
survival were picked as positive hits (Figure 2C,D). Under these
criteria, three aryl-OPFRs—EHDPP, tri-o-cresyl phosphate (o-
TCrP), and bis (4-tert-butylphenyl) phosphate (B4tBPPP)—were
identified as positive hits (Figure 2E). The numeric data from the
screening experiments are listed in Table S8.

Short- and Long-Term Toxicity of EHDPP in Organoids
In this study, trophoblast organoids were exposed to EHDPP at 100,
1,000, and 10,000 nM. Cells exposed to EHDPP did not exhibit sig-
nificantly higher rates of cell death at these concentrations after 2 or
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Figure 2. Trophoblast organoid-based screening of OPFRs at 10,000 nM. (A) 2- and 4-d culture of trophoblast organoids in screening protocol and scale bars,
100 lm; (B) Immunofluorescence of villusmarkersKRT7 (green), GATA3 (red), andDAPI (blue) in trophoblast organoids and scale bars, 30 lm; (C) Relative fluo-
rescence intensity (means± SDs) of Sytox Green (green) in trophoblast organoids exposed to OPFRs (10,000 nM) (D) Relative fluorescence intensity
(means±SDs) of Ki67 (red) in trophoblast organoids exposed to OPFRs (10,000 nM); (E) Structure of identified chemicals, EHDPP, o-TCrP, and B4tBPPP. Data in
(C) and (D) are expressed relative to the levels in DMSO-treated organoids, which were set to 1. n=3. All organoids in (C) and (D) were from a single donor. Data
were analyzed using an unpaired two-tailed Student’s t-test. Indicated values are significantly different from the control value. Numeric data in (C) and (D) were
listed in Table S8. Note: B4tBPPP, bis (4-tertbutylphenyl) phosphate; DAPI, 4 0,6-diamidino-2-phenylindole; DMSO, dimethylsulfoxide; EHDPP, 2-ethylhexyl-di-
phenyl phosphate; GATA3, GATA-binding protein 3; KRT7, keratin 7; OPFRs, organophosphate flame retardants; o-TCrP, tri-o-cresyl phosphate; SD, standard
deviation. **p<0:01.
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10 d of exposure (Figure S2A,B). After a 2-d EHDPP exposure,
Ki67 expression levels in the 100, 1,000, and 10,000 nM exposure
groups were 0:89±0:10, 0:79± 0:10 (p<0:05), and 0:48± 0:13
(p<0:01) times as high, respectively, as the Ki67 expression lev-
els in the control group (Figure 3A,B). This study tested mitochon-
drial stress and found that the basic metabolism values in the 100,
1,000, and 10,000 nM exposure groups were 2,042:5±560:4,
1,344:5±380:9 (p<0:05), and 1,269:1± 252:0 pmol=min
(p<0:05), respectively, which were lower than those in the con-
trol group (3,018:1± 740:3 pmol=min; Figure 3C,D). The respi-
ratory capacity in the 100, 1,000, and 10,000 nM exposure
groups was 2,383:6±790:2, 1,643:9± 655:9 (p<0:05), and
1,528:9±383:4 pmol=min (p<0:05), respectively, which was
lower than those of the control group (3,012:2± 477:8 pmol=min;
Figure 3C,E). Pyruvate dehydrogenase complex (PD) levels in the
100, 1,000, and 10,000 nM exposure groups were 0:84± 0:17,
0:69±0:19 (p<0:05), and 0:65± 0:20 (p<0:05) times as high,
respectively, as those in the control group (Figure S2C,D). Different
cell layers of organoids have been further detected, including villous
cytotrophoblasts (VCTs), syncytiotrophoblasts (SCTs), and extra-
villous trophoblast cells (EVTs). TP63 (a specific marker of VCTs)
expression levels in the 100, 1,000, and 10,000 nM exposure groups
were 0:88±0:13, 0:65±0:12 (p<0:05), and 0:58± 0:18
(p<0:05) times as high, respectively, as those in the control group
(Figure 3F,G). Additionally, CD71 (a marker of SCTs) expression
levels were determined, but they showed no significant difference
between the control and EHDPP exposure groups (p>0:05; Figure
S2E, F). In addition, human leukocyte antigen (HLA)-G (a marker
of EVTs) was not detected (Figure S2G).

After a 10-d EHDPP exposure, Ki67 expression levels in the
100, 1,000, and 10,000 nM exposure groups were 0:95± 0:01,
0:80± 0:11 (p<0:05), and 0:67± 0:12 (p<0:05) times as high,
respectively, as those in the control group (Figure 3H,I). TP63
expression levels in the 100, 1,000, and 10,000 nM exposure
groups were 0:93±0:23, 0:71±0:16 (p<0:05), and 0:66± 0:12
(p<0:05) times as high, respectively, as those in the control
group (Figure 3J,K). CD71 expression levels after 10 d of treat-
ment with 100, 1,000, and 10,000 nM EHDPP were 0:67± 0:04
(p<0:05), 0:55±0:16 (p<0:05), and 0:51± 0:11 (p<0:05)
times as high, respectively, as those in the control group (Figure
3H,L). In long-term cultures, HLA-G was detected (Figure 3N),
and HLA-G expression levels in the 100, 1,000, and 10,000 nM
exposure groups were 0:89± 0:21, 0:71±0:16 (p<0:05), and
0:65± 0:12 (p<0:01) times as high, respectively, as those in
the control group (Figure 3M,N). The concentrations of hCG in
the 1,000 and 10,000 nM exposure groups were 0:83± 0:02
(p<0:01) and 0:78± 0:01 (p<0:05) times as high, respectively,
as those in the control group, but no difference was observed
between the 100 nM EHDPP exposure and the control group
(p>0:05; Figure 3O). The concentrations of E2 in the 100, 1,000,
and 10,000 nM exposure groups were 0:94± 0:11, 0:79± 0:08
(p<0:01), and 0:72± 0:12 (p<0:01) times as high, respectively,
as those in the control group (Figure 3P).

In organoids exposed to 1,000 nM EHDPP for 2 d, Ki67
expression levels in the organoids derived from the five donors
(Donors #1, #2, #3, #4, and #5) were significantly lower than
those in the corresponding control group (p<0:05; 0:77±0:03,
0:75± 0:03, 0:73±0:04, 0:83± 0:06, and 0:81±0:04 times as
high, respectively, as those in the control group; Figure 3Q).

The average concentration of EHDPP in organoids exposed to
1,000 nM EHDPP for 2 d was 610:9± 376:4 ng=g dw.

Mechanism of Placentation Disruption
RNA-seq was used to compare global transcript expression pro-
files between DMSO- and EHDPP-treated trophoblast organoids.

The phosphatidylinositol 3 kinase-protein kinase B (P13K-Akt)
signaling pathway was found to be significantly enriched, with a
lower Q value of 0.0027 and a greater number of enriched genes
than other pathways, based on a Kyoto Encyclopedia of Genes
and Genomes (KEGG) analysis (p<0:01) (Figure 4A). We
found that the relative phosphorylation levels of Akt Ser473 in
the 100, 1,000 and 10,000 nM exposure groups were 0:71± 0:13
(p<0:05), 0:54± 0:29, and 0:65± 0:03 (p<0:01) times as high,
respectively, as those of the control group (Figure 4B,C). We
evaluated the levels of phosphorylated insulin-like growth factor 1
receptor (p-IGF1R) in organoids exposed to EHDPP for 2 d. The
relative levels of p-IGF1R in the 100, 1,000, and 10,000 nM expo-
sure groups were 0:67±0:16 (p<0:05), 0:56±0:13 (p<0:01),
and 0:47± 0:25 (p<0:05) times as high, respectively, as those in
the control group (Figure 4B, D). Because no significant decrease
in expression of IGFs was observed in any of the EHDPP expo-
sure groups when compared with the control (Figure S3A,B), this
study detected the binding activity of EHDPP to IGF1R. The
amount of EHDPP captured by HA-IGF1R in the 1,000 and
10,000 nM exposure groups was 2:79± 0:90 (p<0:01) and
3:12± 1:78 (p<0:01) times as high, respectively, as those cap-
tured by HA-GFP (Figures S3C,4E). A Z0-LYTE kinase assay
was further performed and verified that EHDPP significantly
inhibited IGF1R activity with an IC50 value of 249 nM [95% confi-
dence interval (CI): 110 nM, 367 nM] (Figure 4F).

After a 2-d exposure to OSI-906, Ki67 and TP63 expression
levels in the OSI-906 group were 0:34± 0:16 and 0:39± 0:14
times as high, respectively, as those in the control group
(p<0:01) but without a significant difference in the expression of
SCT (Figure 4G,H; Figure S3D–G). After a 10-d exposure to
OSI-906, Ki67, TP63, CD71, and HLA-G expression levels were
0:22±0:11, 0:57± 0:15, 0:47± 0:13, and 0:31± 0:08 times as
high, respectively, as those in the control group (p<0:01; Figure
4I–K; Figure S3H–K).

Effects of EHDPP on Placental Structure and Pregnancy in
Female Mice
To investigate whether EHDPP can induce disruption of placenta-
tion in vivo, CD-1 mice were treated with EHDPP during pregesta-
tion period (2 wk) and gestation (Figure 5A). This study detected
caudal-type homeobox 2 (Cdx2) and Ki67 in extra-embryonic
ectoderm for E7.5 (late gastrulating embryos) fetuses (Figure 5B).
We found that Ki67 and Cdx2 expression levels in the 10 mg=kg
EHDPP exposure group were 0:88± 0:07 and 0:70± 0:22 times as
high, respectively, as those in the control group (p<0:05, Figure
5C–E). The structure of the E19.5 placentas in antepartumwas also
observed. The levels of trophoblast-specific protein α (TPBPA),
transcription factor AP-2 c (TFAP2C), and neural crest derivative-
expressed protein 1 (HAND1) in the 10 mg=kg EHDPP exposure
group were 0:88± 0:07, 0:88±0:07, and 0:70± 0:22 times as
high, respectively, as those in the control group (p<0:05; Figure
5F,G; Figure S4A–D).

This study also analyzed IGF1R activity in mature placentas.
The levels of p-IGF1R in the 0.4, 2, and 10 mg=kg EHDPP expo-
sure groups were 0:53±0:27, 0:48± 0:26, and 0:50± 0:20 times
as high, respectively, as those in the control group (p<0:05;
Figure 5H; Figure S4E). These results were verified by immunoflu-
orescence (Figure S4F). The levels of PD in the 0.4, 2, and
10 mg=kg EHDPP exposure groups were 0:80±0:19, 0:68± 0:17
(p<0:05), and 0:60± 0:16 (p<0:05) times as high, respectively,
as those in the control group (Figure 5H; Figure S4G). Cytochrome
C participates in mitochondrial electron transport in aerobic respi-
ration.36 The levels of cytochrome C in the 0.4, 2, and 10 mg=kg
EHDPP exposure groups were 0:83± 0:07 (p<0:05), 0:75± 0:22,
and 0:61± 0:20 (p<0:05) times as high, respectively, as those in
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Figure 3.Measures of short- and long-term toxicity of EHDPP in organoids. (A)Ki67 (red), F-actin (blue) andDAPI (gray) in control and 2-d EHDPP (10,000 nM) expo-
sure groups; (B) Relative intensity ofKi67 (means±SDs) after 2-d EHDPP exposure; (C)Mitochondrial respirometry stressmeasurements byOCR (means±SDs) in con-
trol and 2-d EHDPP (10,000 nM) exposure groups; (D) Basic metabolism (means ±SDs) in mitochondrial respirometry measurements calculated in (C); (E) Respiratory
capacity (means± SDs) inmitochondrial respirometrymeasurements calculated in (C); (F) Ki67 (red), TP63 (yellow), DAPI (gray) and 3D (three fluorescent light channel
merged and remodeled by Imaris) in control and 2-d EHDPP (10,000 nM) exposure groups; (G)Relative intensity of TP63 (means ±SDs) after 2-d EHDPP exposure; (H)
Ki67 (red), CD71 (green), F-actin (blue) andDAPI (gray) in control and 10-d EHDPP exposure groups; (I) Relative intensity of Ki67 (means±SDs) after 10-d EHDPP ex-
posure; (J) TP63 (yellow) and DAPI (gray) in control and 10-d EHDPP exposure groups; (K) Relative intensity of TP63 (means ± SDs) after 10-d EHDPP exposure; (L)
Relative intensity of CD71 (means± SDs) 10-dEHDPP exposure; (M)Relative intensity ofHLA-G (means ±SDs) after 10-d EHDPP exposure; (N)HLA-G (red), F-actin
(blue), and DAPI (gray) in control and 10-d EHDPP (10,000 nM) exposure groups; (O) Relative fold change of hCG (means ±SDs) after 10-d EHDPP exposure; (P)
Relative fold change of E2 (means ±SDs) 10-d EHDPP exposure;; (Q) Relative intensity of Ki67 (means ±SDs) after EHDPP exposure in organoids developed from five
donors. (R) Summary of EHDPP-induced placentation disruption in trophoblast organoids. Data in (B), (G), (I), (K), (L), (M), (O), (P) are expressed relative to the levels in
DMSO-treated organoids, which were set to 1. n=3. All organoids in (Figure A–P) were from a single donor. Data were analyzed using an unpaired two-tailed Student’s
t-test. Indicated values are significantly different from the control value. Scale bars, 20 lm. Numeric data in (B), (D), (E), (G), (I), (K), (L), (M), (O) and (P) were listed in
Table S9.Numeric data in (C)was listed inTable S10.Numeric data in (Q)was listed inTable S11.Note: CD71, transferrin receptor; E2, estradiol;DMSO, dimethyl sulfox-
ide; DAPI, 40,6-diamidino-2-phenylindole; EHDPP, 2-ethylhexyl-diphenyl phosphate; hCG, human chorionic gonadotropin; HLA-G, human leukocyte antigen protein-G;
OCR,O2 consumption rate; SD, standard deviation; TP63, tumor protein 63. *p<0:05. **p<0:01.
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Figure 4. Investigating mechanisms of placentation disruption using organoids. (A) RNA-seq in Control and EHDPP (10,000 nM) exposure groups in tropho-
blast organoids; (B) Protein levels of p-IGF1R (Y1135), IGF1R, p-Akt (S473), Akt and β-actin in control and EHDPP exposure groups in trophoblast organo-
ids; (C) Relative protein level (means±SDs) of p-Akt ðSer473Þ=Akt; (D) Relative protein level (means±SDs) of p-IGF1R=IGF1R; (E) Relative binding
affinity of EHDPP (means±SDs); (F) In vitro kinase activity (means±SDs) of IGF1R of EHDPP and OSI-906 (50 nM); (G) Ki67 (red), F-actin (blue) and
DAPI (gray) in control and 2-d OSI-906 (50 nM) exposure groups; (H) TP63 (yellow) and DAPI (gray) in control and 2-d OSI-906 (50 nM) exposure groups;
(I) Ki67 (red), CD71 (green), F-actin (blue) and DAPI (gray) in control and 10-d OSI-906 (50 nM) exposure groups; (J) TP63 (red) and DAPI (gray) in control
and 10-d OSI-906 (50 nM) exposure groups; (K) HLA-G (red), F-actin (blue) and DAPI (gray) in control and 10-d OSI-906 (50 nM) exposure groups. Data in
(C–F) are expressed relative to the levels in DMSO-treated organoids, which were set to 1. n=3. All organoids in Figure 4 were from a single donor. Data
were analyzed using an unpaired two-tailed Student’s t-test. Indicated values are significantly different from the control value. Scale bars, 20 lm. Numeric data
in (C), (D) and (E) are listed in Table S12. Numeric data in (F) are listed in Table S13. Note: Akt, protein kinases B; CD71, transferrin receptor; DAPI, 4 0,6-
diamidino-2-phenylindole; DMSO, dimethylsulfoxide; EHDPP, 2-ethylhexyl-diphenyl phosphate; HLA-G, human leukocyte antigen protein-G; IGF1R, insu-
lin-like growth factor 1 receptor; OSI-906, linsitinib; RNA-seq, RNA sequencing; SD, standard deviation; TP63, tumor protein 63. *p<0:05. **p<0:01.
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the control group (Figure 5H; Figure S4H). Global transcript
expression profiles in the 10 mg=kg EHDPP-treated E19.5 fetal
placentas were evaluated by gene set enrichment analysis (GSEA).
Several gene sets, including the oxidative phosphorylation gene set
[normalized enrichment score ðNESÞ=1:76, p<0:01], the tricar-
boxylic acid (TCA) cycle and respiratory electron transport gene
set (NES= − 1:89, p<0:01), and the respiratory chain gene set
(NES= − 1:48, p<0:01) (Figure 4I; Figure S4I), were found to be
enriched in the control group relative to the 10 mg=kg EHDPP ex-
posure group.

E19.5 fetal body weights in the 0.4, 2, and 10 mg=kg exposure
groupswere 1:490± 0:145 g, 1:429± 0:142 g, and 1:401± 0:146 g,
respectively. The fetal BWs observed in the 2 and 10 mg=kg exposure
groups were significantly lower than those in the control group
(1:495± 0:105 g, p<0:01) (Figure 5J). The comparative FGR inci-
dence rates were found to be higher by 31% (50/159) and 38% (59/
157) in the 2 and 10 mg=kg EHDPP exposure groups, respectively
(p<0:01) (Figure S4J). The results of anOGTT in 8-wk-old offspring
indicated significantly impaired glucose tolerance in the groups
exposed to 2 and 10 mg=kg relative to the control group (Figure 5K).

In the 0.4-, 2-, and 10-mg=kg EHDPP exposure groups, the rela-
tive numbers of implanted embryos were 0:97± 0:13, 0:91±0:13,
and 0:88±0:11 (p<0:05) times as high, respectively, as those in
the control group (Figure 5L). The relative numbers of surviving
embryos in the 0.4, 2, and 10 mg=kg EHDPP exposure groups were
0:94± 0:11, 0:84±0:17 (p<0:05), and 0:81±0:18 (p<0:05)

times as high, respectively, as those in the control group (Figure
5M). Stillbirth in the EHDPP exposure groups was demonstrated by
the recorded resorption and stillborn fetuses (Figure 5N).

The average concentration of EHDPP in E19.5 placentas
from the 10 mg=kg EHDPP exposure group was 0:495±
0:261 ng=g dw.

Discussion
A meta-analysis has indicated an increasing incidence of patho-
logical placentation in recent years,37 and the initiation and pro-
gression of placental disorders may be driven by environmental
factors. The production of OPFRs is increasing and thus exposure
is increasing, especially exposure via indoor dust, due to their
widespread application in furniture and electronics and even in
food packing materials. OPFRs that have been not adequately
tested for human toxicity were and are currently allowed on the
market.38 To model this scenario, we devised a screening model
based on human trophoblast organoids with visual readout to
screen 46 OPFRs. To evaluate the toxicity of chemicals in a
time- and cost-efficient manner, we optimized the original orga-
noid culture method by reducing the digestion level so that the
organoids were larger and we increased the concentration of mol-
ecules that can promote proliferation. In an approach similar to
organoids derived using a previously described protocol,23

GATA-3 and KRT7, which are markers of trophoblast organoids,
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Figure 5. Effects of EHDPP on placental structure and pregnancy in female mice. (A) CD-1 female mice exposed to EHDPP; (B) Schematic of E7.5 embryo;
(C) Cdx2 (green), Ki67, and DAPI (blue) in E7.5 in control and EHDPP (10 mg=kg=d) exposure groups (n=5) (Scale bars, 20 lm); (D) Relative intensity of
Cdx2 (means± SDs) in control and EHDPP (10 mg=kg=d) exposure groups; (E) Relative intensity of Ki67 (means±SDs) in control and EHDPP
(10 mg=kg=d) exposure groups; (F) TPBPA (red) and DAPI (blue) in E19.5 placentas in control and EHDPP (10 mg=kg=d) exposure groups; (G) TFAP2C
(red) and DAPI (blue) in E19.5 placentas in control and EHDPP (10 mg=kg=d) exposure groups (n=5); (H) Protein levels of p-IGF1R (Y1135), IGF1R, PD,
Cytochrome C and β-actin in E19.5 fetal placentas treated with EHDPP; (I) GSEA analysis between placentas of control and 10 mg=kg EHDPP exposure
group; (J) E19.5 fetal weight (means±SDs) after EHDPP exposure to pregnant mouse; (K) OGTT in 4-wk-old offspring after intrauterine EHDPP exposure
(blood glucose concentrations; means± SDs); (L) Survived embryonic numbers (means±SDs) in control and EHDPP exposure groups; (M) Implanted embry-
onic numbers (means±SDs) in control and EHDPP exposure groups; (N) Resorption and stillborn after EHDPP exposure. Data in (D) and (E) and (L) and
(M) are expressed relative to the levels in the control group, which were set to 1. (C–G), n=5; (H) and (I), n=3; (K), five female and five male offspring; (J),
(L–N), n=10. Data were analyzed using an unpaired two-tailed Student’s t-test. Indicated values are significantly different from the control value. (F–G):
Scale bars: 500 lm in × 2 and 50 lm in × 40. Numeric data in (D), (E), (J), (L) and (M) are listed in Table S14. Numeric data in (K) are listed in Table S15.
Note: Cdx2, caudal-type homeobox 2; DAPI, 4 0,6-diamidino-2-phenylindole; E7.5, late gastrulation stage embryos; E19.5, newborn mouse; EHDPP, 2-ethyl-
hexyl-diphenyl phosphate; GSEA, gene set enrichment analysis; IGF1R, insulin-like growth factor 1 receptor; OGTT, oral glucose tolerance test; PD, pyruvate
dehydrogenase complex; SD, standard deviation; TFAP2C, transcription factor AP-2c; TPBPA, trophoblast-specific protein a. *p<0:05 and **p<0:01.
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and hCG were detected in organoids derived from the optimized
protocol described herein. Proliferation is critical to maintain the
self-renewal and the normal structure and function of a develop-
ing placenta.14 Once a chemical inhibits the proliferative capacity
of a human trophoblast organoid, it hinders the process of tropho-
blast differentiation, which has the potential to induce a placenta-
tion disorder. Among OPFRs, three aryl-OPFRs (EHDPP, o-
TCrP, and B4tBPPP) were identified to inhibit the proliferation
of human trophoblast organoids.

Of the three identified OPFRs, EHDPP has been widely
detected in environmental samples, including soil,21 floor dust,39

drinking water,40 and food.41 Moreover, EHDPP is the only or-
ganophosphate ester approved by the U.S. Food and Drug
Administration Center for Food Safety and Applied Nutrition for
use as a fire retardant in food packaging materials.42 Because
EHDPP has been detected in human blood,22 deciduae, and
villi,20 its effects on pregnancy outcomes require further investi-
gation. Further analysis established that a 2-d exposure to
EHDPP significantly inhibited proliferation of organoids, and the
combination of these results (lower basic metabolism, respiratory
capacity, and PD protein level) together suggested that the tricar-
boxylic acid cycle was impaired by EHDPP. Proliferating cells in
trophoblast organoids require the tricarboxylic acid cycle to
maintain an open chromatin state.43 VCTs are the main prolifer-
ating cells in the human placenta,14 the lower VCT count sug-
gested that the disruption of proliferation by EHDPP may mainly
represent the inhibition of VCT proliferation in trophoblast orga-
noids. VCTs differentiate into SCTs and EVTs.14 No significant
difference in SCTs after 2-d EHDPP exposure and the lower
number of SCTs after 10-d exposure suggested the exhaustion of
VCTs may impact SCTs. Because SCTs secrete hormones, such
as E2 and hCG,14 the low number of SCTs after 10 d of exposure
to EHDPP may have led to lower E2 and hCG levels than those
in the control group, indicating the dysfunction of trophoblast
organoids. The role of EVTs is to anchor the placenta to the
uterus and transform the maternal spiral arteries to increase blood
flow by invasion,44 and thus the lower number of EVTs sug-
gested that EHDPP may impair invasion. The similar inhibition
of proliferation was also observed in the other four strains of
organoids, suggesting that EHDPP may have a specific mecha-
nism that is not only effective in sensitive individual. The concen-
tration of EHDPP after 2-d EHDPP exposure was comparable
with that in human villi (873 ng=g dw),20 showing our results
have environmental significance.

Placentation disorder is a complicated and systemic process in
mammals,14 and causative connections between environmental
factors and specific targets during placentation are indistinct.
Using RNA-seq, the PI3K-Akt pathway was found to be signifi-
cantly enriched after EHDPP exposure in organoids, with a lower
Q value and a greater number of enriched genes than the other path-
ways based on KEGG analysis. Lower p-Akt (Ser473) levels in the
exposure groups than in the control group confirmed the inhibition
of Akt in organoids, because the phosphorylation of Ser473 in Akt
indicates its full activation.45 Because Akt regulates cell prolifera-
tion in the placenta,45 the inhibition of proliferation observed in
this study may be attributed to the inhibition of Akt. IGF1 and
IGF2 are powerful mitogens in the first trimester of pregnancy that
act via IGF1R, which regulates the activation of the PI3K-Akt
pathway in mammals.46,47 The inhibition of IGF1R in organoids
exposed to EHDPP and the structural disorder of trophoblast orga-
noids exposed to OSI-906 (a specific antagonist of IGF1R)48 sug-
gested that IGF1R plays a key role in EHDPP-induced structural
disorders of trophoblast organoids. The inhibition of IGF1R activ-
ity may result from low expression levels of IGFs or the inhibition
of the intracellular kinase domain of IGF1R.49,50 We found that

EHDPP binds to IGF1R and inhibits its kinase activity in vitro.
Although the IC50 value of EHDPP was higher than that of OSI-
906, the strong IGF1R-antigonistic activity of EHDPP was unex-
pected, as it is an industrial chemical that was not designed as a
drug. Because no significant down-regulation in IGF1 or IGF2
expression levels were observed in organoids, EHDPP may
antagonize IGF1R activity by directly binding to IGF1R, leading
to the placentation disorder in human trophoblast organoids.
Additionally, organoids exposed to EHDPP actually showed
higher levels of IGF2, which might be feedback regulation
because the IGF1R of high activity is crucial in human placenta-
tion.14 However, we cannot fully exclude other latent pathways.

Extending these results to similar susceptibility in vivo, mice
exposed to EHDPP were also found to exhibit structure disorder
and impaired aerobic respiration in the placenta. Late gastrulation
(E7.5) is a critical stage in placentation in mice.51 Cdx2 is a
marker of extra-embryonic ectoderm in E7.5 mouse fetuses and
controls the proliferation and differentiation of extra-embryonic
ectoderm.52,53 The lower Cdx2 and Ki67 expressions in placentas
of mice exposed to EHDPP than in the control suggested that
EHDPP inhibited proliferation and disrupted extra-embryonic
ectoderm in mice. Extra-embryonic ectoderm in the immature
placenta can differentiate to spongiotrophoblast (SP) and tropho-
blast giant cells (TGC) in mice.51 SPs were identified by TPBPA
and TFAP2C expression and TGCs were identified by HAND1
and TFAP2C expression in the placentas of E19.5 mice. Lower
TPBPA, TFAP2C, and HAND1 levels observed in the exposure
groups in comparison with the control group suggested that the
SPs and TGCs were disrupted by EHDPP. Because SPs and
TGCs secrete hormones and cytokines and exchange materials
between the maternal bloodstream and the fetus,51 EHDPP may
affect the function of mature placentas in mice. The lower levels
of p-IGF1R protein and aerobic respiration disorder observed in
E19.5 placentas suggested that similar mechanism in exposure to
EHDPP in trophoblast organoids occurred in vivo. In EHDPP ex-
posure groups, we observed implantation failure, stillbirth, FGR
of fetuses, and impaired glucose tolerance in adulthood after
birth. These outcomes are regulated by many developmental
processes during pregnancy in humans and mice, such as mater-
nal endocrine factors and deficient spiral artery remodeling of the
placenta54 and could not be fully evaluated in this study. Adverse
pregnancy outcomes such as stillbirth,55 implantation failure,56

and FGR57 may have placental origins, and some studies have
found that adult metabolic disorders may be influenced by pla-
cental insufficiency.58,59 EHDPP-induced placentation disorder
provided a possible explanation for the occurrences of these
pathological phenomena. The EHDPP concentration detected in
placentas from the group of mice exposed to the highest concen-
tration was lower than the median EHDPP concentration in human
deciduae (5:96 ng=g of dw) and chorionic villi (13:6 ng=g of
dw).20 Thus, adverse pregnancy outcomes and impaired glucose
tolerance in offspring may occur at physiological human concen-
trations of EHDPP, posing notable risks to gestation and of life-
long metabolic disease in humans. Although the association of
EHDPP with these diseases in humans is unclear, epidemiological
studies have associated a common metabolite of several aryl-
OPFRs including EHDPP with low birth weight60 and decreased
success of fertilization, implantation, and clinical pregnancy.18

The results of this study suggest a causal relationship between
EHDPP exposure and adverse pregnancy outcomes in mice, as
supported by primary trophoblast organoid culture data.

In summary, the present study clarified the adverse effects of
a commonly used flame retardant EHDPP on human placentation
by devising a model based on human trophoblast organoids. The
adverse effects of EHDPP on placentation were demonstrated in
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mice, where it induced fetal growth restriction, implantation fail-
ure, stillbirth, and impaired glucose tolerance at physiological
human concentrations. Human pregnancy is a long-term life pro-
cess. Our study may provide prospective and mechanistic insights
into the potential correlations between early-life exposure to
EHDPP and adverse pregnancy outcomes in humans and a poten-
tial approach to high-throughput screen these chemicals in future
chemical management. A limitation of this paper is that all struc-
tural disorders and dysfunctions induced by EHDPP were
observed in the same strain of organoids from one donor, whereas
there are interindividual differences, such as the difference in the
epigenetic modification level of trophoblast organoids, which
may be influenced by various factors, including fetal sex, karyo-
type, gestational age, and even the maternal health. This study
could not give more information about interindividual differences
in toxicity of EHDPP exposure because relatively large samples
are required but difficult to obtain. However, this toxicity model
based on human trophoblast organoids may be helpful to fill the
gap in how interindividual differences play their roles in early-
life exposure to contamination, and such knowledge may benefit
sensitive individuals in the future.
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